Stettner GM, Fenik VB, Kubin L. Effect of chronic intermittent hypoxia on noradrenergic activation of hypoglossal motoneurons. J Appl Physiol 112: 305-312, 2012. First published October 20, 2011 doi:10.1152/japplphysiol.00697.2011In obstructive sleep apnea patients, elevated activity of the lingual muscles during wakefulness protects the upper airway against occlusions. A possibly related form of respiratory neuroplasticity is present in rats exposed to acute and chronic intermittent hypoxia (CIH). Since rats exposed to CIH have increased density of noradrenergic terminals and increased ␣ 1 -adrenoceptor immunoreactivity in the hypoglossal (XII) nucleus, we investigated whether these anatomic indexes of increased noradrenergic innervation translate to increased sensitivity of XII motoneurons to noradrenergic activation. Adult male Sprague-Dawley rats were subjected to CIH for 35 days, with O 2 level varying between 24% and 7% with 180-s period for 10 h/day. They were then anesthetized, vagotomized, paralyzed, and artificially ventilated. The dorsal medulla was exposed, and phenylephrine (2 mM, 10 nl) and then the ␣1-adrenoceptor antagonist prazosin (0.2 mM, 3 ϫ 40 nl) were microinjected into the XII nucleus while XII nerve activity (XIIa) was recorded. The area under integrated XIIa was measured before and at different times after microinjections. The excitatory effect of phenylephrine on XII motoneurons was similar in sham-and CIH-treated rats. In contrast, spontaneous XIIa was more profoundly reduced following prazosin injections in CIH-than sham-treated rats [to 21 Ϯ 7% (SE) vs. 40 Ϯ 8% of baseline, P Ͻ 0.05] without significant changes in central respiratory rate, arterial blood pressure, or heart rate. Thus, consistent with increased neuroanatomic measures of noradrenergic innervation of XII motoneurons following exposure to CIH, prazosin injections revealed a stronger endogenous noradrenergic excitatory drive to XII motoneurons in CIH-than sham-treated anesthetized rats. genioglossus; obstructive sleep apnea; norepinephrine; upper airway LONG-TERM FACILITATION (LTF) is a form of respiratory neuroplasticity that manifests as a long-lasting increase of respiratory motor output following acute intermittent hypoxia or repeated stimulation of arterial chemoreceptors (for reviews see Refs. 26 and 28). In animal models, LTF following acute intermittent hypoxia can be observed in the motor output to respiratory pump muscles (17) and in upper airway motor nerves, such as the hypoglossal (XII) nerve, which innervates lingual muscles (16). Also, exposure to chronic intermittent hypoxia (CIH) enhances the magnitude of LTF (25, 34), an effect termed metaplasticity to indicate modulation of the acutely elicited LTF by prior experience (1).
genioglossus; obstructive sleep apnea; norepinephrine; upper airway LONG-TERM FACILITATION (LTF) is a form of respiratory neuroplasticity that manifests as a long-lasting increase of respiratory motor output following acute intermittent hypoxia or repeated stimulation of arterial chemoreceptors (for reviews see Refs. 26 and 28) . In animal models, LTF following acute intermittent hypoxia can be observed in the motor output to respiratory pump muscles (17) and in upper airway motor nerves, such as the hypoglossal (XII) nerve, which innervates lingual muscles (16) . Also, exposure to chronic intermittent hypoxia (CIH) enhances the magnitude of LTF (25, 34) , an effect termed metaplasticity to indicate modulation of the acutely elicited LTF by prior experience (1) .
Clinically significant respiratory adaptation occurs in obstructive sleep apnea (OSA) patients, who experience repetitive upper airway narrowing or collapse and hypoxic episodes that disrupt ventilation and sleep (8, 40) . Specifically, OSA patients exhibit hyperactivity of upper airway muscles, including those of the tongue (22, 31, 52) . This protects their upper airway against occlusions and allows for adequate ventilation during wakefulness. OSA patients also have increased ventilatory response following experimentally imposed acute hypoxia (20) .
XII motoneurons innervate the genioglossus and other lingual muscles. In OSA patients, these muscles play an important role in the maintenance of upper airway patency (46) and have sleep-wake state-dependent activity that is maximal during wakefulness, reduced during non-rapid eye movement (REM) sleep, and minimal during REM sleep (10, 23, 32, 44, 58) . This activity pattern is importantly driven by pontomedullary noradrenergic and serotonergic neurons; these neurons have axonal projections to the XII and other orofacial motor nuclei (3, 27, 43) , and their activity is maximal during wakefulness and lowest or absent during REM sleep (4, 13, 42, 54) . Indeed, data indicate that XII motoneurons are under a tonic noradrenergic excitatory drive in anesthetized and unanesthetized rats (7, 15) and that intermittent noradrenergic stimulation of XII motoneurons in vitro elicits their prolonged activation, similar to that elicited in vivo under anesthesia by acute intermittent hypoxia (36, 45) .
A recent neuroanatomic study demonstrated that noradrenergic terminal density and the excitatory ␣ 1 -adrenoceptor immunoreactivity are increased in the XII nucleus in rats exposed to CIH (41) . This suggested that exposure to CIH may lead to increased sensitivity of XII motoneurons to noradrenergic inputs and, by implication, that CIH is one of the factors responsible for hyperactivity of upper airway muscles in OSA patients. Accordingly, the present experiments were undertaken to test the hypothesis that exposure to CIH results in increased sensitivity of XII motoneurons to exogenous and/or endogenous noradrenergic excitatory drive. We found that microinjections of phenylephrine (PE), an ␣ 1 -adrenoceptor agonist, into the XII nucleus produced similar activation of XII nerve activity (XIIa) in anesthetized rats previously exposed to CIH and those exposed to sham treatment. However, microinjections of prazosin (PZ), an ␣ 1 -adrenoceptor antagonist, resulted in larger decrements of spontaneous XIIa in CIH-than sham-treated rats. Thus our data suggest that exposure to CIH increases endogenous noradrenergic excitatory drive to XII motoneurons.
MATERIALS AND METHODS

Animals and administration of CIH.
Adult male Sprague-Dawley rats [308 Ϯ 8 (SE) g body wt, n ϭ 24] were obtained from Charles River Laboratories (Wilmington, MA). All animal procedures followed the guidelines of the National Institutes of Health (NIH Publication 80-23 with subsequent revisions) and were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania. The rats were housed, two to three per standard cage, under a 12:12-h light-dark cycle (lights on at 7 AM), with standard chow diet (5001/AIN76, Nestle Purina, St. Louis, MO) and water provided ad libitum. The cages were placed inside 28.5 ϫ 30.0 ϫ 51.5-cm chambers in which the O 2 level was controlled by alternating flows of N2 and O2 (Oxycycler, Biospherix, Redfield, NY). Shamtreated rats were housed in adjacent chambers in which the flow of compressed room air occurred with the timing controlled by gas flows in one of the experimental chambers. The exposures lasted ϳ35 (range 33-37) days. O 2 levels oscillated between 24% and 7% with 180-s period for 10 h/day (7 AM-5 PM) (41) . During the remaining time, all chambers were continuously ventilated with room air to prevent CO 2 accumulation. Each animal was individually weighed when it was entered into the study, after the 1st day of exposure, and then every other day throughout the period of exposure to CIH or sham treatment. At 5 PM on the last day of exposure, each animal was transferred to a new cage and placed outside the chamber. The interval between the end of the last CIH exposure and the start of animal preparation for the acute experiment on the following day was ϳ17 h.
Animal preparation for the acute experiment and the experimental protocol. Rats were anesthetized with isoflurane (3%) followed by urethane (1.0 g/kg iv via a tail vein catheter) and tracheotomized, and a femoral artery and vein were catheterized for arterial blood pressure monitoring and fluid/drug injections, respectively. The medial branch of the right XII nerve was dissected and placed in a cuff-type recording electrode (modified after Ref. 12). Both cervical vagus nerves were cut to enhance XIIa and make it independent of mechanical ventilation. The animal's head was placed in a stereotaxic holder, and the dorsal surface of the caudal medulla was exposed for insertion of a microinjection pipette into the right XII nucleus. Rectal temperature was maintained at 37.0°C with a servo-controlled heating pad.
The animals were paralyzed with pancuronium bromide (1 mg/kg iv; Sigma, St. Louis, MO) and artificially ventilated with an air-O 2 mixture (30 -60% O2). The central respiratory drive was set by first ventilating the animals to the apneic threshold and then gradually reducing the tidal volume of the ventilator until a steady respiratory modulation of XIIa was established. The rate and volume of artificial ventilation were kept constant thereafter. Subsequently, a capnograph (Micro Capnometer, Columbus Instruments, Columbus, OH) was used to verify the stability of gas exchange by monitoring the end-expiratory CO 2 level for the reminder of the experiment. In two rats, PCO2 in arterial blood (PaCO 2 ) was measured when steady respiratory modulation of XIIa was established using the i-STAT 1 analyzer and i-STAT G3ϩ cartridge (Abbott Point of Care, Abbott Park, IL). In these two rats, Pa CO 2 levels were 52.7 and 53.1 Torr. Adequate level of anesthesia was verified based on stability of the amplitude and constant rate of inspiratory bursts recorded from the XII nerve, stable heart rate, and arterial blood pressure. If needed, supplemental doses of urethane were administered in 0.2-0.3 mg/kg increments. Adequate paralysis was maintained by continuous infusion of pancuronium bromide (0.6 mg·kg Ϫ1 ·h Ϫ1 iv). All drugs for microinjections were obtained from Sigma and diluted from frozen aliquots in 0.9% NaCl before each experiment. We used PE, an ␣ 1-adrenoceptor agonist (2 mM), and PZ, an ␣1-adrenoceptor antagonist (0.2 mM). A PE solution containing 2% pontamine sky blue dye (ICN Biomedicals, Aurora, OH) was used to mark the drug injection sites. The microinjections were made using glass pipettes pulled to obtain tip diameters of 20 -25 m (model 626800, A-M Systems, Carlsborg, WA). The drugs were injected by application of pressure to the fluid in the pipette, while the movement of the meniscus was monitored with a calibrated microscope with 1-nl resolution. For PE injections, the pipette was inserted into the ventral region of the caudal half of the right XII nucleus, 0.3 mm lateral to the midline, 0.15 mm rostral to the obex, and 1.15 mm below the dorsal medullary surface, because this region contains XII motoneurons that innervate the base of the tongue, including the genioglossus muscle, has the most dense noradrenergic innervation, and sends motor axons in the medial branch of the XII nerve (6, 41) . After recording of baseline XIIa, the animals received up to three (1.8 on average) PE injections, 10 nl each, separated by Ն15-min intervals. PE has a relatively high K d of ϳ22 M (33), which results in a relatively short-lasting activation of ␣1-adrenoceptors and allows multiple PE injections and independent observation of their effects. If more than one PE injection was made in an animal, the mean value for each measure of the effect was calculated prior to averaging across animals. All animals, 13 sham-and 11 CIH-treated rats, were used for PE injections. PE experiments in three CIH-treated rats were excluded from analysis for technical reasons. After completion of the 15-min observation period following the last PE injection and an additional interval of 37 Ϯ 4 (SD) min, PZ was injected successively at three sites (40 nl each) targeting the XII nucleus at three rostrocaudal levels to antagonize ␣ 1-adrenoceptors in the entire XII nucleus in 10 shamand 7 CIH-treated rats. The first injection was placed at the same coordinates used for the PE injections, followed by one injection 0.65 mm caudal and one injection 0.65 mm rostral to the first one (14, 15) . The three PZ injections were completed within 8.0 Ϯ 0.5 (SE) min. PZ has a low K d of ϳ0.002 M (33), which results in long-lasting binding to ␣1-adrenoceptors. This and gradual diffusion of PZ allow one to observe summation of PZ effects following multiple injections at different rostrocaudal levels within the XII nucleus. Figure 1 shows the sequence of drug injections and observations/measurements collected before and after successive PE and PZ injections.
At the conclusion of the experiment, the animal received an additional dose of urethane (1.0 g/kg) and was intra-arterially perfused with cold 0.9% saline followed by 10% formalin. The brain was extracted, postfixed, and cryoprotected in 30% sucrose, and 50-m medullary sections were cut on a cryostat and collected sequentially. The sections containing the blue dye were mounted and stained with neutral red for localization of the injection sites.
Data acquisition and analysis. The XII nerve recording electrode was connected to a differential amplifier (Neurolog 100, Digitimer, Hertfordshire, UK), and XIIa was amplified and filtered (150 Hz-3 kHz; Neurolog modules 104 and 126). Arterial blood pressure was measured using a pressure transducer (model P23Db, Statham, Hato Rey, Puerto Rico). The raw and integrated XIIa (100-ms time constant; MA-821RSP moving averager, CWE, Ardmore, PA), arterial blood pressure, end-expiratory CO 2, rectal temperature, and event markers were digitized (Micro1401-3 data acquisition unit, Cambridge Electronic Design, Cambridge, UK) and stored on a computer (Spike-2 software version 7, Cambridge Electronic Design) using a sampling rate of 2 kHz for the raw XIIa and 100 Hz for all other Fig. 1 . Experimental protocol and sequence of phenylephrine (PE) and prazosin (PZ) microinjections into the hypoglossal (XII) nucleus and data collection. Gray bars represent 1-min intervals during which mean XII nerve activity (area under the curve), central respiratory rate, blood pressure, and heart rate were measured before and after microinjections. Arrows indicate times of PE and PZ injections into the XII nucleus during the course of the experimental protocol.
signals. The effects of microinjections on XIIa were measured from integrated XIIa by calculation of the area under the curve (AUC) relative to the expiratory minimum prior to drug injections. XIIa was absent during expiration under the baseline conditions in both treatment groups. The instantaneous central respiratory rate and heart rate were automatically derived from integrated XIIa and arterial blood pressure, respectively.
Cardiorespiratory parameters (XIIa AUC, central respiratory rate, heart rate, and blood pressure) were calculated over a 4-min interval prior to each microinjection and also over 1-min intervals before and at different times after each microinjection. The data obtained from the 4-min interval were used to normalize XIIa AUC derived from 1-min intervals before and after each microinjection. For PE microinjections, measurements were taken at 4 and 1 min before and 1, 2, 3, 5, 9, and 15 min after injection. For PZ microinjections, measurements were taken at 4 and 1 min before and 10, 20, 30, 45, and 60 min after injection (Fig. 1) . The different observation periods and different distributions of 1-min measurement periods reflect the longer duration of the effects of PZ than PE. The complete data set contained measures of XIIa and respiratory rate for all 1-min measurement periods before and at different times after PE and PZ injections from each rat. The corresponding mean arterial blood pressure and heart rate measurements were obtained from most rats, except in two shamand three CIH-treated animals, in which they were not available because of arterial catheter blockage.
Statistical analysis. Data analysis was performed with SigmaPlot 11.2 software (Systat Software, San Jose, CA). Normality of the distributions was tested using the Shapiro-Wilks test. Values are means Ϯ SE, unless indicated otherwise.
In the case of normally distributed data sets, two-sided, unpaired Student's t-test was used for comparison of baseline cardiorespiratory parameters, integrated XIIa amplitudes, and latency and duration of PE effects between sham-and CIH-treated animals. In the case of a nonnormal distribution, the Mann-Whitney U-test was used, and, in addition to the mean Ϯ SE, median and interquartile range (IQR) are indicated. Two-way repeated-measures ANOVA with Holm-Sidak post hoc analysis was used to evaluate the effects of treatments (CIH vs. sham) over time after drug injections (PE or PZ), except KruskalWallis nonparametric ANOVA was applied to evaluate the differences of XIIa AUC between sham and CIH treatment following PE injections and one-way repeated-measures Friedman's ANOVA with Tukey's post hoc analysis was used to evaluate XIIa following PE injections vs. baseline, because these data sets were not normally distributed. P Ͻ 0.05 was considered significant.
RESULTS
We investigated the effect of CIH on noradrenergic activation of XII motoneurons by microinjecting PE and PZ into the XII nucleus in urethane-anesthetized, paralyzed, and artificially ventilated rats. The body weight of the rats did not differ at the beginning of CIH exposure and sham treatment [311 Ϯ 14 g (n ϭ 11) vs. 305 Ϯ 10 g (n ϭ 13), P ϭ 0.729]. At the end of exposures, CIH-treated animals gained less weight than shamtreated animals (440 Ϯ 13 vs. 482 Ϯ 14 g, P ϭ 0.027).
PE microinjections. The effect of PE on XIIa was assessed in 13 sham-and 8 CIH-treated rats, each receiving up to three PE microinjections that targeted the ventral region of the caudal half of the XII nucleus (Fig. 2C) . The control levels of XIIa prior to PE injections did not differ between sham-and CIH-treated animals. The XIIa AUC was 2.4 Ϯ 0.5 V·min (median 1.8 V·min, IQR 1.0 -3.3 V·min) in sham-treated rats and 1.8 Ϯ 0.4 V·min (median 1.7 V·min, IQR 0.7-3.0 V·min, P ϭ 0.69) in CIH-treated rats when measured in arbitrary units over the 4-min period prior to PE injections. During the same period, the mean amplitude of respiratory modulation mea- Fig. 2 . Effects of PE injections into the XII nucleus in rats exposed to chronic intermittent hypoxia (CIH) and sham-treated rats. A: integrated XII nerve activity (͐XIIa) prior to and following PE injection in a sham-treated rat. B: expanded segments of raw and integrated XIIa corresponding to the shaded areas in A. C: PE injection site for the experiment illustrated in A. Pontamine sky blue dye was injected with PE and is seen in the right XII nucleus (XIIn) in a neutral red-stained coronal section. Nucleus of the solitary tract (NTS) is shown as an orientation landmark. D and E: mean effects of PE injections into the XII nucleus on XIIa area under the curve (AUC) and central respiratory rate in CIH-and sham-treated rats. Values (means Ϯ SE) for each measurement period are plotted at the time corresponding to the end of that period. Excitatory effect of PE on XIIa was of similar magnitude in both groups, and injections did not affect central respiratory rate. XIIa was significantly increased compared with the baseline level up to min 3 following PE injection when both treatment groups were combined (Friedman's ANOVA, Tukey-corrected multiple comparisons, P Ͻ 0.05). Ϫ1 in sham-and CIH-treated rats, respectively (P ϭ 0.31). Comparable magnitudes of XIIa and central respiratory rates under the baseline conditions indirectly point to similar CO 2 levels in both treatment groups. The mean baseline arterial blood pressure and heart rate also were not different: 67.7 Ϯ 4.7 and 70.4 Ϯ 6.4 mmHg in sham-and CIH-treated rats, respectively (P ϭ 0.72), and 426 Ϯ 8 and 423 Ϯ 11 min Ϫ1 in sham-and CIH-treated rats, respectively (P ϭ 0.77).
The PE-evoked changes of XIIa were expressed relative to the preinjection baseline. PE injections led to a rapid increase of XIIa in both treatment groups, with mostly the tonic component of XIIa increased and small changes in the amplitude of respiratory modulation of XIIa. This was followed by a gradual decrease of the tonic activation toward the baseline level within the subsequent 4 -8 min (Fig. 2, A and B) . The duration of PE effects was not different between the treatment groups, measured as the time from the onset of the effect to the point when XIIa returned to 25% of its peak increase: 175.9 Ϯ 57.6 s (median 97.5 s, IQR 49.1-210.8 s) for sham-treated rats and 90.3 Ϯ 21.4 s (median 64.8 s, IQR 57.2-146.1 s) for CIHtreated rats (P ϭ 0.69). During the 1st min following PE injection, XIIa AUC reached 338 Ϯ 60% of the preinjection level (median 246%, IQR 203-415%) in sham-treated rats and 262 Ϯ 43% (median 247%, IQR 172-316%) in CIH-treated rats and was not different between the two groups (P ϭ 0.61; Fig. 2D ). The interval from the onset of PE injection to the peak of the PE effect was similar in both treatment groups: 13.5 Ϯ 1.3 and 14.7 Ϯ 1.9 s in sham-and CIH-treated rats, respectively (P ϭ 0.57). The mean amplitude (including tonic and phasic XIIa) at the peak of the PE effect was increased to 228 Ϯ 39% (median 175%, IQR 159 -269%) in sham-treated rats and 216 Ϯ 30% (median 237, IQR 124 -280%) in CIHtreated rats (P ϭ 0.97) relative to the baseline conditions. At the peak of the PE effect, the mean amplitude of phasic XIIa was 87 Ϯ 6% and 101 Ϯ 11% in sham-and CIH-treated rats, respectively (P ϭ 0.23), relative to the baseline conditions, and the mean absolute amplitude of tonic XIIa was 0.14 Ϯ 0.028 V (median 0.12 V, IQR 0.077-0.17 V) in sham-treated rats and 0.11 Ϯ 0.039 V (median 0.083 V, IQR 0.026 -0.16 V) in CIH-treated rats (P ϭ 0.36). At 15 min after PE injection, XIIa was fully stabilized at a level slightly below the preinjection level (90 Ϯ 6%, median 93%, IQR 80 -102% in sham-treated rats and 88 Ϯ 4%, median 90%, IQR 85-94% in CIH-treated rats, P ϭ 0.59; Fig. 2D ). PE injections into the XII nucleus did not have a significant effect on the central respiratory rate (Fig.  2E) , arterial blood pressure, or heart rate (data not shown).
PZ microinjections. The effect of PZ on XIIa was assessed in 10 sham-and 7 CIH-treated rats, each receiving three 40-nl microinjections that targeted the ventral XII nucleus at three rostrocaudal levels.
The control measurements taken prior to PZ injections did not differ between sham-and CIH-treated animals. The XIIa AUC was 1.5 Ϯ 0.3 V·min (median 1.2 V·min, IQR 0.7-1.9 V·min) in sham-treated rats and 1.3 Ϯ 0.3 V·min (median 1.0 V·min, IQR 0.8 -1.7 V·min, P ϭ 0.66) in CIH-treated rats. The central respiratory rate was 47.3 Ϯ 2.1 and 50.8 Ϯ 1.3 min Ϫ1 in sham-and CIH-treated rats, respectively (P ϭ 0.23). The mean baseline arterial blood pressure and heart rate also were not different: 69.6 Ϯ 5.5 and 66.7 Ϯ 6.7 mmHg in sham-and CIH-treated rats, respectively (P ϭ 0.75), and 433 Ϯ 9 and 439 Ϯ 7 min Ϫ1 in sham-and CIH-treated animals, respectively (P ϭ 0.63).
The PZ-evoked changes in XIIa were expressed as percentage of the preinjection level of activity. The three successive PZ injections led to a gradual decline of XIIa in both treatment groups (Fig. 3, A-C) . In contrast, the expiratory level of integrated XIIa following PZ injections did not decline (Fig.  3A) , which confirmed the absence of tonic XIIa during baseline conditions in either treatment group. The PZ effect was significant compared with baseline activity (4 or 1 min preinjection) from 20 min after injection for the sham-treated group and from 10 min after injection for the CIH group (P Յ 0.002). The magnitude of XIIa decline was more pronounced in CIH-than sham-treated rats at 20 min after PZ injection and at all subsequent time points (Fig. 3C) . The Holm-Sidak-corrected pair-wise multiple comparisons revealed significantly different XIIa AUC between sham-and CIH-treated animals at 20, 30, 45, and 60 min after PZ injection (P ϭ 0.048 -0.014). The stronger effect of PZ on XIIa in CIH-than sham-treated rats was also reflected in a significant treatment effect across all postinjection time points (F 1,15 ϭ 4.712, P ϭ 0.046), and the treatment-by-time interaction was nearly statistically significant (F 1,6,15 ϭ 2.193, P ϭ 0.052). Under the influence of PZ, XIIa AUC was reduced to 40.3 Ϯ 8.3% and 21.0 Ϯ 6.9% of the preinjection baseline in sham-and CIH-treated rats, respectively, when measured 45 min after PZ injections (P ϭ 0.048; the latest time point shown in Fig. 3C ) and to 32.3 Ϯ 7.4% and 10.9 Ϯ 5.1% in sham-and CIH-treated rats, respectively, when measured 60 min after PZ injections (P ϭ 0.043). PZ injections did not significantly affect the central respiratory rate (Fig. 3D) or arterial blood pressure or heart rate (data not shown).
DISCUSSION
We investigated whether exposure to CIH alters sensitivity of XII motoneurons to noradrenergic stimulation and found that endogenous noradrenergic excitatory drive was stronger in XII motoneurons in CIH-than sham-treated rats when assessed by local microinjections of the ␣ 1 -adrenoceptor antagonist PZ. We also found that the response to exogenously injected agonist (PE) into the XII nucleus was similar in CIH-and sham-treated rats. These results suggest that exposure to CIH enhances endogenous noradrenergic excitation of XII motoneurons. Extension of this result to the conditions in OSA patients leads us to suggest that the hyperactivity of upper airway muscles that characterizes this population may be caused, at least in part, by CIH, which represents a major component of OSA.
Noradrenergic activation of XII motoneurons following CIH. Rats subjected to a CIH protocol similar to that used in the present study exhibit a prominent increase of noradrenergic terminal density and increased ␣ 1 -adrenoceptor immunoreactivity in the XII nucleus (41) . These findings suggest that CIH may also functionally alter noradrenergic effects on XII motoneurons. We found that microinjections of the ␣ 1 -adrenoceptor antagonist PZ into the XII nucleus resulted in a significantly stronger suppression of XIIa in CIH-than sham-treated rats.
Endogenous norepinephrine activates lingual muscle activity in wakefulness and, to a lesser extent, also in non-REM sleep, mainly via ␣ 1 -adrenoceptors (7, 11, 56) . As in our study, the ␣ 1 -adrenoceptor antagonist PZ also reduced XIIa in urethaneanesthetized rats (15) , but changes in the magnitude of endogenous noradrenergic activation of XII motoneurons resulting from the exposure to CIH have not been studied. Our present results show that the previously observed increase in anatomic measures of noradrenergic innervation of the XII nucleus (41) is associated with a stronger endogenous noradrenergic activation of XII motoneurons when tested under urethane anesthesia. The mechanisms underlying this enhancement may include an increased sensitivity of ␣ 1 -adrenoceptors in CIH rats, increased level of activity in brain stem noradrenergic neurons that innervate the XII nucleus, or a combination of these effects.
To more directly address the issue of increased ␣ 1 -adrenoceptor sensitivity in CIH rats, we also tested the excitatory effect of exogenous stimulation of ␣ 1 -adrenoceptors in the XII nucleus with PE. Excitatory effects of PE on XII motoneurons have been previously reported in rats (2) and mice in vitro (19, 49) and in one in vivo study in rats (11) . In our study, PE evoked a strong, mainly tonic, activation of XIIa that was consistent with those previous studies. However, in contrast to a clear difference between CIH-and sham-treated rats revealed by PZ injections, we did not detect a difference in the effects of PE between CIH-and sham-treated rats, despite our use of a rather large number of animals for this type of study (8 CIHand 13 sham-treated rats). Therefore, we believe that the absence of a significant difference cannot be explained by a relatively high intersubject variability in the magnitude of the excitatory effect of PE. This result is not consistent with the possibility that ␣ 1 -adrenoceptors are more sensitive, or more numerous, in CIH-than sham-treated rats. Three important variables that are unknown and could affect the outcome from PE injection experiments may explain the absence of a difference between CIH-and sham-treated rats. 1) The relative receptor occupancy could be higher in CIH-than sham-treated rats, thus effectively masking a potentially stronger effect of PE in CIH rats. Indeed, our result with PZ may be taken to suggest that noradrenergic cells are more active in CIH-treated rats, causing an increased occupancy of endogenous ␣ 1 -adrenoceptors. A difference in receptor occupancy, if present, could result in different absolute baseline XIIa levels between the treatment groups as a result of different levels of respiratory drive in CIH-and sham-treated animals. This, however, could escape detection, because we set the baseline level of respiratory output in our animals relative to the apneic threshold by decreasing the level of mechanical ventilation from the apneic threshold until a steady respiratory modulation of XIIa was established, rather than by measuring CO 2 levels at the apneic threshold and at baseline. On the basis of direct measurements conducted in two rats, this approach resulted in Pa CO 2 levels that differed by Ͻ0.5 Torr when baseline ventilation was set. Nevertheless, the absolute baseline CO 2 levels were not measured in all rats, and we cannot fully exclude the possibility that they were different between the two treatment groups. Ultimately, it remains to be determined whether lingual muscle activity is elevated in spontaneously breathing and freely behaving CIH-exposed rats compared with sham-treated animals and whether the set points and/or slopes of their ventilatory CO 2 curves differ. 2) Treatment-related differences in the rate of degradation and removal of exogenous PE may be another reason for similar effects of PE in both groups. There is no information on the effect of CIH on adrenergic transporters in the brain stem, but an increase in their activity following CIH could prevent detection of a stronger effect of PE in CIH-treated rats in our experimental setting.
3) The prior study suggesting increased ␣ 1 -adrenoceptor immunoreactivity in XII motoneurons (41) did not differentiate between receptors bound to motoneuronal membrane and those located within the cytosol. Accordingly, the finding of increased ␣ 1 -adrenoceptor immunoreactivity in CIH-treated rats could be indicative of stronger endogenous noradrenergic activation and increased turnover of ␣ 1 -adrenoceptors, rather than an increased availability of membrane-bound fraction of these receptors (57, 59) . Collectively, our present data with PZ and PE can be best explained by an increased endogenous noradrenergic activation of XII motoneurons in CIH-treated rats that occurs with or without altered responsiveness of ␣ 1 -adrenoceptors on XII motoneurons.
While we have not detected a change in sensitivity of XII motoneurons to exogenous PE in CIH-exposed rats, serotonergic activation of XII motoneurons was reduced in CIH-exposed rats (55) and immunoreactivity for 5-HT 2A receptors, the main receptor type that mediates serotonergic excitatory effects in XII motoneurons, tended to be reduced in the XII nucleus of rats subjected to CIH (41) . So, in that case, the pharmacological and immunohistochemical study pointed to reduced responsiveness of XII motoneurons to 5-HT following exposure to CIH. Thus, it is plausible that CIH exerts different effects on the expression of different aminergic receptors, such as a downregulation of 5-HT 2A receptors and no change or upregulation of ␣ 1 -adrenoceptors. The ultimate functional consequences of these changes still depend on additional factors residing on the input side to motoneurons and within motoneurons.
In the context of our study, it is worth noting that acute intermittent hypoxia elicits a well-studied form of respiratory neuroplasticity, referred to as LTF, which leads, among other effects, to enhanced upper airway muscle activity (for reviews see Refs. 26, 28, 34) . In vivo and in vitro studies show that hypoxia-induced LTF is dependent on stimulation of ␣ 1 -adrenoceptors and 5-HT 2 receptors (5, 18, 25, 30, 36) . Furthermore, antagonism of ␣ 1 -adrenoceptors by intravenous infusion of PZ blocks development of intermittent hypoxia-elicited LTF of XII motoneurons in rats in vivo (36) . Thus, ␣ 1 -adrenoceptors are important for the initiation and maintenance of LTF. In addition, after pretreatment with CIH, rats subjected to a few episodes of hypoxia exhibit larger LTF than naive rats (34) . Recently, it has been also demonstrated in anesthetized rats that acute repeated manipulations with vagal input, with or without asphyxia, trigger a form of respiratory plasticity that also is dependent on ␣ 1 -adrenoceptors (53) . This expands the range of physiological and pathophysiological conditions under which the noradrenergic system facilitates occurrence of long-lasting changes in the motor output from the XII nucleus. In our study, we did not explore the magnitude of LTF elicited by CIH. Rather, we found that tonic noradrenergic activation of XII motoneurons is enhanced by CIH when measured nearly 24 h after the last exposure to CIH. Thus the effects of CIH on tonic noradrenergic activation of XII motoneurons that we observed many hours after cessation of the last exposure to CIH and the enhancement of LTF elicited by acute episodic hypoxia may represent two distinct phenomena that, nevertheless, depend on a common set of aminergic inputs to motoneurons.
In this study, we focused on the impact of CIH on noradrenergic transmission to, and noradrenergic activation of, XII motoneurons. Whether CIH-induced alterations of noradrenergic transmission similar to those observed in the XII nucleus in our study also occur in other motor nuclei and which aspects of CIH cause these alterations remain to be determined. Similar to the anatomic findings in the XII nucleus (41) , noradrenergic terminal density is increased following CIH also in the spinal trigeminal sensory and trigeminal motor nuclei, albeit to a lesser extent (35) . Different magnitudes of CIH-induced alteration of noradrenergic innervation may be due to different functions of motoneurons and different sources of their noradrenergic innervation. For example, XII motoneurons are strongly activated by PE and related compounds in vivo and in vitro (present study; 2, 19, 36), whereas trigeminal motoneurons are only weakly activated by PE in anesthetized rats, unless they also receive concomitant glutamatergic inputs (48) . However, comparison of noradrenergic excitability of XII and trigeminal motoneurons is difficult, because noradrenergic effects were observed in XII motoneurons when they were rhythmically active (present study; 2, 19, 36), whereas trigeminal motoneurons were much less active or entirely silent (48) . Stress is among the factors that may link CIH to increased noradrenergic transmission to XII motoneurons through its actions on noradrenergic cells mediated by the adrenocorticotropic hormone and glucocorticoids. For example, stress and elevated glucocorticoid levels increase expression of tyrosine hydroxylase and dopamine ␤-hydroxylase, two key enzymes in the synthesis of norepinephrine (9, 37, 50) . However, whether and when CIH of moderate severity, such as that used in our study, is associated with stress and increased glucocorticoid levels is not clear. Gozal et al. (21) suggested that CIH causes stress only during the first few days of exposure based on only a transient occurrence of sleep fragmentation and altered sleep architecture. Direct measurements of corticosterone levels as a marker of stress during and following CIH are rare, and the results are contradictory. In one study, plasma corticosterone levels were not increased following 3 days of CIH, whereas the same duration of paradoxical sleep deprivation without CIH led to a significant increase of plasma corticosterone (39) . Combination of paradoxical sleep deprivation with CIH did not result in an additional significant increase of the plasma corticosterone concentration (39) . A second study reported moderately elevated plasma corticosterone levels following 35 days of exposure to a severe CIH protocol (60) . There is also evidence that CIH-evoked increase of norepinephrine levels in the periphery is dependent on the hypoxia-inducible factor-1␣, rather than the hypothalamic-pituitary-adrenal axis, because CIH-induced changes in plasma norepinephrine occurred in wild-type mice, but not in partially hypoxia-inducible factor-1␣-deficient animals (38) .
Relevance to OSA. OSA patients commonly have structural abnormalities that result in narrowed upper airways and collapsible pharyngeal walls (8, 47) . These conditions lead to repeated obstructive apneas and hypoventilation during sleep, when upper airway muscle activity decreases (reviewed in Refs. 8 and 24) . However, during wakefulness, OSA patients maintain a fully patent upper airway. XII motoneurons innervate the genioglossus and other lingual muscles, and, in OSA patients, their activation helps maintain upper airway patency (40, 46) . This is possible, because upper airway muscle activity is enhanced in OSA patients compared with healthy persons (22, 31, 52) . Our results imply that CIH leads to enhanced endogenous noradrenergic drive to upper airway motoneurons, and this may contribute to increased upper airway muscle activity during wakefulness in OSA patients.
Despite the severe negative health impact of OSA, the availability of suitable experimental animal models with which to study the disorder is limited. Rodents exposed to intermittent hypoxia are most commonly used to study distinct mechanisms unique to OSA (8, 26, 29) . Intermittent hypoxia effects in rodents importantly help understand OSA pathogenesis, but translation of the results to humans is difficult because of uncertainty regarding the quantitative relationships between different intermittent hypoxia protocols in rodents and OSA severity in humans, as well as any qualitative and/or quantitative differences in the neurochemical control of the upper airway and breathing in humans vs. rodents (for reviews see Refs. 8 and 29) .
Conclusion. Antagonism of ␣ 1 -adrenoceptors in the XII nucleus revealed an increased endogenous noradrenergic excitatory drive to XII motoneurons in urethane-anesthetized rats previously exposed to CIH compared with sham-treated animals. This is consistent with data showing that rats subjected to CIH exhibit anatomic measures of an increased excitatory noradrenergic input to XII motoneurons (41) . Our data suggest that CIH alone, without upper airway obstruction, can lead to upregulation of the endogenous noradrenergic excitatory drive to XII motoneurons. Accordingly, in OSA patients, CIH may contribute to the increased upper airway muscle tone during wakefulness that characterizes this patient group. Thus, CIH may activate an airway protective response.
